Summary Australian rain forests extend from tropical climates in the north to temperate climates in the south, providing an opportunity to investigate physiological responses to temperature of both temperate and tropical species within the same forest type. Eight, rain forest canopy tree species were selected to cover the 33°latitudinal range of rain forests in eastern Australia. Temperature tolerance was measured in 6-year-old plants grown in a common environment, by exposing leaves to a series of high temperatures during late summer and a series of freezing temperatures during midwinter. Damage was evaluated based on chlorophyll fluorescence measurements made 2 h after exposure and by visual assessment of leaf damage made a week after exposure. Leaves of the tropical species were more heat tolerant and less frost tolerant than leaves of the temperate species, which is consistent with their climate distributions. In contrast, the temperature tolerance of the photosynthetic apparatus was unrelated to climate in a species' native habitat. However, the tropical species underwent significant photoinhibition during winter. All species maintained the integrity of the photosynthetic apparatus and avoided tissue damage over a similar span of temperatures (about 60°C), reflecting the similar annual temperature ranges in Australia's temperate and tropical rain forests. Chlorophyll fluorescence measurements and visual assessment of leaf damage provided different estimates of the absolute and relative temperature tolerances of the species, thus emphasizing the importance of a direct assessment of tissue damage for determining a species' temperature tolerance.
Introduction
The physiological tolerance of plants to temperature is often used to model their distribution at the level of vegetation types (e.g., Box 1981) . Woodward (1987) proposed a model that emphasized the importance of cold tolerance and the length of the growing season in determining the high latitude limits of forest types. The cost of cold tolerance in the high-latitude forest types was proposed to reduce their competitive ability under the warmer conditions at low latitudes. Recent vegetation-climate models (e.g., Box 1995 , Neilson 1995 have continued to explain the distribution of forest types on the basis of tolerance of climatic extremes.
The frost tolerance of a species usually reflects the range of temperatures encountered throughout its natural distribution (Sakai and Larcher 1987) . However, at the regional level, the frost tolerance of a tree species does not always correlate with its altitudinal distribution . In contrast, the high temperature tolerance of species is more complicated, and direct correlations between tolerance and distribution are often not apparent (Kappen 1981) . For example, the heat tolerance of many alpine plants is higher than would be predicted from the climate of their native habitat, because their prostrate form decouples them from ambient conditions (Körner 1999) . Furthermore, at the regional level, xeric species can have greater heat tolerances than mesic species (Hamerlynck and Knapp 1994) .
Previous comparisons of temperature tolerance among species from contrasting climates have been based on responses of species growing in their native habitats (e.g., Kappen 1981, Sakai and Larcher 1987) . Such comparisons ignore the ability of both warm and cool climate species to adjust their temperature tolerance when grown at different temperatures (e.g., Hamerlynck and Knapp 1994, Greer and Robinson 1995) . Currently, there have been few direct comparisons of species from contrasting climates grown in the same environment (e.g., Read and Hope 1989) . Not surprisingly, studies of frost tolerance have concentrated on temperate plantation species (e.g., Raymond et al. 1992 , Calmé et al. 1994 , whereas studies of heat tolerance have been much more diverse, including desert species (e.g., Downton et al. 1984) , tropical crops (e.g., Yamada et al. 1996) and alpine species (e.g., Buchner and Neuner 2003) . In addition, heat and frost tolerances have rarely been measured in the same species (but see Burr et al. 1993) .
Comparisons among studies are hindered by the use of different techniques to assess temperature tolerance of leaves, including visual assessment (e.g., Bannister 1984) , conductivity of leaked electrolytes (e.g., Hallam and Tibbits 1988) and chlorophyll fluorescence (e.g., Seemann et al. 1986 ). Direct comparisons of these techniques have shown good correlations between chlorophyll fluorescence and electrolyte leak-age with visible leaf damage (Raymond et al. 1992, Lindgren and Hällgren 1993) . However, chlorophyll fluorescence, an indicator of photosynthetic performance, has been found to overestimate frost tolerance (Neuner and Buchner 1999) and to underestimate heat tolerance of leaf tissue (Bigras 2000) . Additionally, comparisons of temperature tolerances among studies are difficult because measurements are affected by seasonal timing (Burr et al. 1993 ) and water stress (Ladjal et al. 2000) .
Australia's rain forests provide an opportunity to investigate the physiological responses to temperature of both temperate and tropical species. Rain forests in Australia occur across a latitudinal range of 33°, which includes cool-temperate, warm-temperate, subtropical and tropical forests. These forests have a disjunct distribution along the eastern margin of Australia, being restricted to areas with a high annual rainfall (> 1500 mm) and low fire frequency (Webb and Tracey 1994, Specht and Specht 1999) .
Depending on latitude of origin, Australian rain forest tree species differ in several physiological responses to temperature. Species from higher latitudes have maximum net photosynthesis at lower acclimation temperatures than species from lower latitudes (Hill et al. 1988, Cunningham and Read 2003b) and maintain maximum rates of photosynthesis over a wider span of temperatures (Read 1990, Cunningham and Read 2003b) . Similarly, temperate species attain maximum net photosynthetic rates at lower growth temperatures (the temperature at which leaves are developed) than tropical species, but maintain near maximum rates of photosynthesis over a wider span of temperatures (Cunningham and Read 2002) . Furthermore, temperate species achieve maximum growth rates at lower temperatures than tropical species (Cunningham and Read 2003a) . Comparisons of the responses to extreme temperatures among temperate and tropical rain forest trees have so far been restricted to the genus Nothofagus, in which frost resistance is greatest in the temperate species (Read and Hope 1989) .
The present study aimed to further our understanding of temperature tolerance in plants by investigating both heat and cold tolerance in a broad range of species (different genera) of the same growth form (evergreen, canopy rain forest trees), from a wide range of climates (temperate to tropical), under the same temperate climate without water or nutrient stress. A secondary aim was to compare chlorophyll fluorescence, which can be measured in hours, with visible symptoms of leaf damage, which can take several weeks to develop, as a means to assess tolerance to high and low temperatures.
Material and methods

Species selection
Eight tree species were selected to cover the latitudinal range of rain forests in eastern Australia. Distributional ranges and collection sites of the species are given in Table 1 and their climate profiles are given in Table 2 . Two dominant species were selected from each of the four rain forest types (cool-temperate, warm-temperate, subtropical and tropical) defined by Webb (1968) . Canopy dominant species were chosen, as it can be assumed that these are exposed to the macroclimate in their native environment. All species were evergreen, ensuring that their leaves are exposed to the entire annual climatic cycle. Species from different families were chosen where possible to minimize the confounding effects of phylogenetic relatedness.
Growth conditions
Seedlings of all species were from natural populations, col-1436 CUNNINGHAM AND READ TREE PHYSIOLOGY VOLUME 26, 2006 
Estimation of heat tolerance
The experiment began in summer (February 2002) , with six plants of each species randomly arranged across two greenhouses. Heat tolerance of leaves was determined during April 2002 (early autumn) based on chlorophyll fluorescence and visible damage. During the 2 weeks before measurements were taken, mean maximum temperature within the greenhouses was 26.2 ± 1.5°C, ranging between 18 and 37°C, and these temperatures are representative of summer temperates in southern Australia. Six plants per species were sampled over a 4-day period, when the maximum temperature within the greenhouses ranged from 31 to 37°C. Each morning, 12 plants were randomly selected and 10 fully expanded leaves were sampled from each plant, immediately stored in zip lock bags with moist paper and placed in darkness. Chlorophyll fluorescence of leaves was measured in the laboratory at room temperature with a PAM-2000 pulse-amplitude modulation fluorometer (Heinz-Walz, Effeltrich, Germany). Leaves were dark-acclimated for 30 min before measurement. All measurements were made in the saturation pulse mode using the standard procedures described in the PAM-2000 manual (HeinzWalz 1993). Initial fluorescence (F o ) was excited with a dim, non-actinic light (3 µs pulses at a frequency of 600 Hz and a wavelength of 655 nm) and maximum fluorescence (F m ) was induced by an 800 ms pulse of intense white light (> 4000 µmol m -2 s -1 ). The ratio of variable to maximum fluorescence (F v /F m ) was determined as:
The F v /F m ratio provides a good estimate of the maximum quantum yield of PSII photochemistry in dark-acclimated leaves (Björkman and Demmig 1987) and is a good indicator of the integrity of the photosynthetic apparatus. After the fluorescence measurements, each leaf was individually sealed in a zip lock bag with moist paper, which was sealed inside a second zip lock bag. Five water baths were used to produce the following range of temperatures: 33, 36, 39, 42, 45, 48, 51, 54, 57 and 60°C . Each day the 10 temperature treatments were randomly allocated to water baths, with five temperature treatments run during the morning and five during the afternoon. A single, bagged leaf from each replicate plant was placed in each water bath and incubated for 30 min. After the heat treatment, leaves were allowed to cool for 2 h at room temperature before the F v /F m ratio was remeasured. The above method was chosen over the temperature-dependent increase in fluorescence measured in single leaves (T-F o curves) used in other studies (e.g., Knight and Ackerly 2002) because it allows the effect of a single temperature to be measured without the confounding effect of previous treatment temperatures, and it also allows direct comparison with visible damage in the same leaf. Heat-treated TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TEMPERATURE TOLERANCE OF RAIN FOREST TREES 1437 Table 2 . Climate profiles for the study species. Values are means ± standard errors (with ranges in brackets) of the temperature profiles produced by ANUCLIM 5.0 (Houlder et al. 1999 ) from n site locations. Species are presented in order from highest to lowest latitudinal origin. For details of the climate analysis see Cunningham and Read (2003a leaves were wrapped in moist paper towel, sealed in zip lock bags and stored in darkness at room temperature. After 10 days, the amount of damage to the leaves was estimated to the nearest 5% by placing a transparent grid over the leaf (cell size was 2 mm-1 cm depending on the leaf size of a species) and counting the number of grid cells containing damaged and undamaged tissue.
Estimation of frost tolerance
After the heat tolerance experiment, plants were grown outside to expose them to the ambient conditions of a temperate winter. Frost tolerance of leaves was estimated during winter (mid-July 2002) in the same way as described for the estimation of heat tolerance, i.e., by chlorophyll fluorescence measurements before and after the treatment, and visual assessments of damage 10 days after the treatment. During the 2 weeks before the measurements, the mean minimum temperature was 7.2 ± 0.3°C, ranging between 4.6-10.6°C. At this time, plants of the tropical species Alstonia scholaris had dropped several leaves and the remaining leaves were chlorotic. Frost tolerance of leaves was determined over a 6-day period from the same six plants per species as sampled in the heat tolerance experiment. A freezer was used to expose leaves to the following range of temperatures: 9, 6, 3, 0, -3, -6, -9, -12, -15 and -18°C (± 0.2°C). Each temperature treatment was run once in the freezer, so two polystyrene tubs were placed in the freezer to produce replicate treatments, with leaves of three individuals per species placed in each tub. Temperatures within the tubs were monitored with digital thermometers. Leaves, sealed in zip lock bags with moist paper towel, were placed in the freezer at an initial temperature of 9°C. The temperature was lowered, at a rate of not more than 4°C h -1 , until the treatment temperature was reached. Leaves were held at the treatment temperature for 30 min, which is representative of the time leaves are exposed to freezing temperatures in the field, and the temperature was then raised to 9°C at a rate of not more than 4 °C h -1 .
Data analysis
The F v /F m ratios measured after the temperature treatments were calculated as percentages of initial F v /F m values. Both the percentage reduction in initial F v /F m and percent visible leaf damage showed a sigmoidal relationship with treatment temperature. The responses that increased with increasing temperature (percentage reduction in initial F v /F m at low temperatures and percent damage at high temperatures) were regressed with a Gompertz equation (Equation 1) and the responses that decreased with increasing temperature (percentage reduction in initial F v /F m at high temperatures and percent damage at low temperatures) were regressed with a logistic equation (Equation 2). 
Results
Leaves of the tropical species tended to have a higher heat tolerance than leaves of the temperate species (Table 3) . However, the temperate species Eucryphia lucida from the coldest climate and the tropical species Alstonia sholaris from the hottest climate both had a 50% reduction in initial F v /F m at 50°C. This meant there was no significant relationship between the high temperature causing a 50% reduction in initial F v /F m and the maximum temperature of the hottest month in the species' native habitat ( Figure 1A ). In contrast, there was a strong relationship between the high temperature causing 50% visible leaf damage and the temperature of the warmest month in the species' native habitat ( Figure 1B) , with species from the warmest native habitats having highest heat tolerances. There was a significant reduction in the chlorophyll fluorescence (F v /F m ) of untreated leaves of all species between April (early autumn) and July (midwinter; Table 4 ). This winter photoinhibition of leaves was most pronounced in the tropical species, and therefore was strongly related to the temperature minimum of the coldest month in a species' native habitat (Figure 2A ). Although the tropical species Alstonia scholaris had a large influence on this relationship (L = 0.6), repeating the regression without this species nevertheless produced a significant linear relationship (F = 13.1, P = 0.02). As a result of the winter photoinhibition, Castanospermum australe had only a 24% reduction in initial F v /F m when exposed to the lowest temperature of -18°C and Alstonia scholaris had random increases and decreases in initial F v /F m of less than 10% across the temperature range. There was no relationship between the low temperature causing a 50% reduction in initial F v /F m and the minimum temperature of the coldest month among the remaining species ( Figure 2B ). In contrast, the low temperature causing 50% damage to leaves was closely related to the minimum temperature of the coldest month in the species' native habitat ( Figure 2C ).
The T span over which > 50% of initial F v /F m was maintained ranged between 56 and 63°C (Table 3) . Although T span values could not be determined for the two tropical species, there was considerable overlap among the other species (F = 3.68, P = 0.09). There was even less variation in the T span over which leaves were less than 50% damaged, with values ranging from 56 to 60 °C.
The temperatures causing a 50% reduction in initial F v /F m differed from the temperatures causing 50% damage to the leaf (Figure 3 ). During the heat treatment, there was a tendency for chlorophyll fluorescence to underestimate the temperature that caused 50% leaf damage. In contrast, chlorophyll fluorescence of all species overestimated the freezing temperature that caused 50% leaf damage.
Discussion
Leaves of the tropical rain forest species tended to have a greater heat tolerance (51-55°C) than the temperate rain forest species (48-51°C). These values for leaf tissue heat tolerance are similar to those reported previously for woody plants: temperate (38-52°C), Mediterranean (48-55°C) and tropical species (45-60°C; Kappen 1981 , Larcher 2000 . The greater heat tolerance of the tropical species is consistent with the higher mean maximum temperatures of the tropical climate TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TEMPERATURE TOLERANCE OF RAIN FOREST TREES 1439 compared with the temperate climate ( Table 2) . For all species, the heat tolerance of photosynthesis and leaf tissue was at least 18°C higher than the mean maximum temperature of the hottest month in the species' native habitat (cf . Tables 2 and 3) . However, air temperatures can reach about 40°C during extreme years in the species' native habitats. Furthermore, leaf temperatures can exceed air temperatures by as much as 10°C (Hamerlynck and Knapp 1994, Larcher 2000) . Therefore, rain forest species are able to avoid heat damage during average years and to prevent all but minimal damage during extreme events in their native habitats. In general, the tropical species had a greater heat tolerance of photosynthesis than the temperate rain forest species (Table 3). The exceptions to this trend were the species from the warmest (Alstonia scholaris) and the coldest climates (Eucryphia lucida), which both underwent a 50% reduction in chlorophyll fluorescence (F v /F m ) at 50°C. Previous studies have shown that warm-climate species have a higher heat tolerance of photosynthesis than cool-climate species (Smillie and Nott 1979 , Knight and Ackerly 2002 , Salvucci and Crafts-Brandner 2004 ; however, in these studies, plants were grown under the contrasting conditions of their native habitat, and thus the finding takes no account of the capacity of these species for photosynthetic acclimation to the prevailing temperature (Monson and Williams 1982, Braun et al. 2002) . When Knight and Ackerly (2002) grew the same species in a common environment, there was little difference in the heat tolerance of photosynthesis among coastal and desert species.
Foliar frost tolerance was higher in temperate species than in tropical species (Table 2) , and had a close relationship with the minimum temperatures of the coldest month in the species' native habitat ( Figure 2C ). Many studies of frost tolerance in trees have shown that temperate species are more tolerant of chilling and freezing than tropical species (Sakai and Larcher 1987) . The foliar frost tolerance of other Australian rain forest trees is consistent with their latitudinal distribution (Read and Hill 1989, Read and Hope 1989) , but is not always consistent with the altitudinal distribution of species within a region . This inconsistency suggests that, in addition to foliar frost tolerance, frost tolerance in other tissues (e.g., buds and stems), annual productivity, reproductive physiology and regeneration niche (e.g., size of canopy gap or site exposure) are important in determining the altitudinal limits of tree species.
In contrast to the trends in foliar frost tolerance, there was no relationship between the frost tolerance of photosynthesis found for the rain forest species and winter temperature in the native habitat (Figure 2) . This relationship was greatly weakened by the absence of the two tropical species from the warmest climates in this regression-their chronic photoinhibition in winter temperatures made it impossible to determine the frost tolerance of photosynthesis. In addition, the hardening temperatures would not have been low enough to reveal the full potential frost tolerance of the temperate species. However, the significant photoinhibition in the tropical species during winter (Table 4) , when minimum temperatures were a moderate 5-11°C, demonstrates the low frost tolerance of photosynthesis in the tropical species (Figure 2A ). Cold-induced photoinhibition is commonly found in subtropical and tropical crops at temperatures between 0 and 10°C (Baker et al. 1988) . Furthermore, a similar trend was found when Mediterranean evergreen woody plants were grown in a common environment, with southern species having greater photoinhibition than more widespread species and northern species (Larcher 2000) . Cold-induced photoinhibition has been found to limit the regeneration of species at the tree line (Ball et al. 1991) and may limit the latitudinal distribution of species.
The temperate and tropical species maintained > 50% of their initial chlorophyll fluorescence over a similar span of temperatures (Table 3) . Previous work with the same rain forest species found that the temperate species maintained near maximum net photosynthetic rates over a wider range of both growth and acclimation temperatures than did tropical species Read 2002, Cunningham and Read 2003b) . These trends seem inconsistent, but they involve different aspects of photosynthesis. Maximum photosynthetic rates are likely to be related to daytime temperatures during the growing season. The ability of the temperate species to maintain 1440 CUNNINGHAM AND READ TREE PHYSIOLOGY VOLUME 26, 2006 maximum photosynthetic rates over a larger range of temperatures than the tropical species is likely to be an adaptation to the larger seasonal fluctuations in maximum temperature of the temperate zone than of the tropics. In contrast to photosynthetic rate, chlorophyll fluorescence measures the functional integrity of the photosynthetic apparatus. In evergreen species, such as those investigated in the present study, the photosynthetic apparatus is likely to be adapted to remain functional over the seasonal range of daytime temperatures in the plant's native habitat. Similarly, leaf tissue is likely to be adapted to resist damage over the full range between the temperature maximum and minimum in the species' native habitat. Although the native habitats of Australian temperate and tropical rain forest species differ in maximum and minimum temperatures, they have similar annual temperature ranges (Table 2) . Therefore, maintenance of the photosynthetic apparatus, as well as avoidance of leaf damage, over a similar T span among temperate and tropical rain forest species is consistent with the similar annual temperature ranges of their climates. The temperature tolerances of photosynthesis and leaf tissue differed for most species (Figure 3) . During the heat treatment, most species showed a 50% reduction in chlorophyll fluorescence at a lower temperature than that causing 50% damage to the leaf. Similarly, Picea glauca (Moench) Voss showed a 50% reduction in chlorophyll fluorescence at 45-46°C, but did not show 50% needle damage until 49°C (Bigras 2000) . The lower threshold for damage to the photosynthetic apparatus compared with that for visible leaf damage suggests that photoinactivation of photosystem II or reversible damage to the thylakoid membrane occurs at lower temperatures than those causing permanent damage to the cell membrane (Levitt 1980 , Anderson et al. 1997 . In contrast, the threshold temperature for low temperature damage to the photosynthetic apparatus was consistently higher than that causing visible leaf damage. This discrepancy suggests that shortterm recovery of the photosynthetic apparatus can occur after freezing temperatures that will lead to cell death within several days. A study of Rhododendron ferrugineum L. showed that frost tolerance estimated from chlorophyll fluorescence measurements increased by more than 10°C during the first four days following the treatment (Neuner and Buchner 1999) . However, frost tolerance of Rhododendron ferrugineum estimated from chlorophyll fluorescence measured a day after treatment was lower than that based on the visual assessment of leaf damage after one week, which is the opposite of our findings. This indicates that the timing of measurements may be an important factor accounting for discrepancies among measures of temperature tolerance, and that the effect of timing is species dependent.
Chlorophyll fluorescence measurement is widely considered a reliable method for rapidly estimating relative temperature tolerance among taxa because of its close correlation with visible leaf damage (e.g., Lindgren and Hällgren 1993, Binder and Fielder 1996) . However, we found that chlorophyll fluorescence and assessment of visible leaf damage gave different rankings for the temperature tolerance of rain forest species (Table 3) . For example, visual assessment of leaf damage predicted that, among the species from the warmest habitats, Alstonia scholaris has one of the highest heat tolerances and, among the species from the coldest habitats, Eucryphia lucida has one of the lowest heat tolerances, whereas based on chlorophyll fluorescence, one would predict that both species have intermediate heat tolerances. Discrepancies between the measures of extreme temperature tolerance are likely a result of the different processes measured, and differences in the scale and timing of measurements. Chlorophyll fluorescence measures the (potentially reversible) photoinactivation of photosystem II over a small proportion of the leaf within 2 h of the treatment, whereas visual assessment measures permanent damage to the whole leaf 10 days after the treatment. Our results suggest that chlorophyll fluorescence measurements made within hours of the treatment cannot, in isolation, predict the relative temperature tolerance of a species, and they emphasize the importance of making visual assessments of tissue damage to determine tolerance to extremes of temperature. Measurements of chlorophyll fluorescence made at the same time as visual assessments (i.e., 10 days after the treatment) may predict similar temperate tolerances and are recommended for future studies.
In conclusion, the temperature tolerances of the rain forest tree species determined by visual assessment of leaf damage were strongly correlated with the temperature regime in the native habitat. Leaves of tropical species had a higher heat tolerance and a lower frost tolerance than leaves of the temperate species. In contrast, temperature tolerance of photosynthesis did not necessarily correlate with the climate in a species' native habitat. All species had a similar T span over which the photosynthetic apparatus was maintained and tissue damage was avoided, reflecting the similar annual temperature range of the climate in their native habitats. The temperature tolerances of all the species studied are likely to be adequate to avoid damage to the photosynthetic apparatus and leaf tissue during average years, and to minimize damage during extreme events, in the natural habitat. This suggests that there is strong selection for tolerance of extreme temperature events in Australian rain forest tree species. However, the successful cultivation of many temperate and tropical rain forest trees well outside their native habitats emphasises the importance of productivity at moderate temperatures in determining competitive outcomes and the distributional limits of rain forest species. CUNNINGHAM AND READ TREE PHYSIOLOGY VOLUME 26, 2006 
